Abstract-The traditional power flow and fault analysis methods fail to meet the requirements in both performance and accuracy aspects in the distribution network applications. This is due to the unbalanced multiphase nature of the distribution network and also due to the emerging penetration of renewable generation at the distribution level. This paper proposes a comprehensive method for power flow solution and fault analysis of multiphase unbalanced distribution networks with high penetration of inverter-interfaced DERs. Also, the self-protection scheme employed for the inverter of the DERs is also formulated in the proposed method. Performance of the proposed method has been assessed by simulations on a sample distribution network.
I. INTRODUCTION
The unbalanced multiphase characteristics of the distribution network together with the high penetration of distributed energy resources (DER) impose additional requirements to the traditional power flow and fault analysis methods. The Gauss-Seidel and Newton-Raphson techniques, and the traditional fault analysis methods such as sequence networks fail to meet performance and accuracy requirements for distribution network analysis studies. In particular, the assumptions resulting in the simplifications used in these standard methods are not valid in distribution networks [1, 2] .
New methods for power flow and fault analysis have been proposed in literature [1] [2] [3] [4] [5] [6] [7] . [3] [4] [5] propose solutions based on actual three-phase equations; however, system matrices are constructed in such way that power injection from DERs cannot be included. More advanced methods with the ability of considering DERs have been introduced in [1, 6] but they are all valid for radial or, at most, weakly meshed networks. This paper proposes a new comprehensive method performing both power flow and fault analysis for distribution networks of any kind of structure that are highly penetrated by inverter-interfaced DERs. The multiphase unbalanced nature of the distribution networks is also considered in the proposed method.
The paper begins with an introduction on the modeling principles in Section II. In Section III, the proposed method is introduced. Section VI evaluates the performance of the proposed method by comparing the results obtained from these methods and the results obtained from the PSCAD simulation on a test case. Conclusions are drawn in Section V.
II. MODELING PRINCIPLES
A. Basics To each of these nodes, an inverter-interfaced DER and/or loads of different types, listed as follows, may be connected:
• CI Z : Constant impedance load.
• CC I : Constant current load. where S is the load rating and V is the node voltage to which the load is connected.
• DER I : Inverter-interfaced DER. The inverter is designed to push the power available from the DER ( DER P ) to the power grid and also, in some cases, to exchange reactive power ( Q ) with the power grid as an ancillary service. So the current to be injected from the inverter for a specific active and reactive power is dependent on its terminal voltage (V ) [2, 8] . However, if this current gets to be higher than the maximum current rating of the inverter, inverter limits the current at its maximum level. So the inverter current can be described as ( )
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B. Formulation
We start by deriving a KVL equation as illustrated by the solid arrow in Fig. 1 . The voltage drop across the phase 'a' of the line section can be determined as: Following the same logic, (6) and (7) give the same relation for phases 'b' and 'c', respectively. Note that the unknown variables in (5) to (7) I . As indicated in the equations, the contributions of DERs, constant power loads, and constant current loads in the power flow are considered by current sources whereas those of the constant impedance loads are considered by impedances. The currents of DERs and constant power loads are determined by the models introduced in the previous section assuming that the terminal voltages, V , are known. It is worth mentioning that the line section parameters are the only essentials elements of the derived equations, i.e., all other parameters (DER and/or loads) can be simply set to zero in case they don't exist.
Also, note that the currents directions can be determined arbitrarily. In this study, the directions of currents are assumed to be from the nodes with the lower numbers to the nodes with the higher numbers. 
III. THE PROPOSED COMPREHENSIVE METHOD FOR POWER FLOW AND FAULT ANALYSIS

A. Formation of System Matrices
The equations derived in the previous Section are put into matrix form as expressed in (8) The line sections can be numbered in an arbitrary order. A building algorithm for these matrices can be developed as follows. Note that, in all equations throughout this paper, the numeric superscripts of the parameters represent the arbitrary number of the phases and should not be confused with mathematical power.
• [ ] [ Equations (14), (15), and (16) are examples showing the off-diagonal blocks corresponding to the connections between a single-'a'-phase and a three-phase line section, a double-'ab'-phase and a three-phase line section, and two three-phase line sections, respectively. Zbus is not based on the system topology, therefore the method can be used for both radial and meshed distribution networks.
• [ ] 
• Ungrounded faults: Similar to the grounded-faults, KVL equations can be derived between the faulted phases as shown by the dotted arrows in Fig. 3 3  3  3  2  2  2  3  3  3   2  2  2  1  1 
[ ] Iline , are obtained through (8) . Using the calculated currents together with the information of DERs and loads, the node voltages can be easily determined. (40) gets the voltage of an arbitrary phase 'a' node illustrated in Fig. 5 . The calculated node voltages will be then used to update the values of the currents of DERs and constant power loads. The algorithm, illustrated in Fig. 6 , gives the power flow solution and can also be used for the fault analysis as the fault can be modeled in system matrices. However, the values given for fault analysis are valid only for the first moments after the fault occurrence. This is because the DERs employ selfprotection systems which disconnect them from the grid in such conditions. The disconnection time for different DERs is not the same as, for each DER, it depends on DER's distance to the fault and also the type of the employed self-protection system. Hence, as a result of DERs disconnecting at different times from the grid, the fault currents will be varying [2] . Thus, in order to be able to determine such a fault current profile, the proposed algorithm is extended, as shown in Fig. 7 . As shown in the figure, the response of the DER self-protection is emulated in each iteration in order to determine the DERs that will be disconnected by their protection system, and how long it will take for the protection system to disconnect them. This loop is repeated until the DER protection does not disconnect any more DER.
D. The Proposed Method
Network Solution from (8) from ( 
IV. TEST CASE
To evaluate the performance of the proposed methods on a multiphase unbalanced distribution network, the IEEE 34 node test feeder is used as the test case in this study. Since the original test feeder contains only radial sub-feeders, a number of lines have been added to create a meshed distribution network. Fig. 8 shows the modified test feeder. It's assumed that each customer has a PV system (as DER) that can generate up to its maximum load of the customer unit (100% penetration). For this study, this system is simulated using PSCAD in order to get detailed time domain responses and to use them for comparison with the proposed method.
The PV system is simulated by adopting a typical model, which uses average models for the converters, and includes maximum power point tracking [9] . The PVs' self-protection system is IEEE 929 complaint [10] .
Network Solution from (8) from ( Tables I to IV compare the results from the proposed methods with the results obtained from PSCAD simulations for a number of selected nodes. The simulation results have been gathered after the initial transients were damped. The results are obtained for two different conditions of zero PV generation at night and maximum PV generation at noon. These results show that the proposed methods estimates are very close to the ones from simulations. As indicated in the tables, the maximum difference between the results calculated by the proposed method and obtained from the simulations is less than 1.4%.
Note that when the PVs generation are at the maximum level, the fault currents will have two different values, as shown in Table IV . This is because, due to low system voltage during the fault, the PVs self-protections disconnect the PV systems from the grid 0.1s after the fault occurrence which, in turn, results in a step in the fault current profile. Fig. 9 shows such changes in the fault current profile for a three-phase fault occurring at node 862 with fault resistance of 3Ω. As shown in the figure, the transients captured by the simulation results are not included in calculated results. Also, the simulations results contain the inherent delay of the RMS measuring blocks which does not exist in the results obtained from the proposed method.
It is worth noting that the proposed method and also the test feeder have been coded in MATLAB to calculate the presented power flow and fault analysis results.
V. CONCLUSION
This paper proposed a new comprehensive method for power flow solution and fault analysis of multiphase unbalanced distribution networks with high penetration of inverter-interfaced DERs. The proposed method can be used for distribution networks of any kind of structure, i.e. radial and meshed. Also, the self-protection scheme employed for the inverter of the DERs can be formulated in the proposed method. As shown in the paper, the maximum difference between the results calculated by the proposed method and obtained from the simulations is less than 1.4%, indicating that the method provides quite accurate estimates with low computational burden when contrasted to PSCAD simulation. A. References
